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Abstract

Access to 3D descriptions of fault zone architectures and recent development of modeling techniques allowing
explicit rendering of these features in reservoir models, provide a new tool for detailed implementation of fault
zone properties. Our aim is to assess how explicit rendering of fault zone architecture and properties affects
performance of fluid flow simulation models. The test models use a fault with a maximum 100 m displacement
and a fault damage zone with petrophysical heterogeneity caused by the presence of deformation bands. The
distribution pattern of deformation bands in fault damage zones is well-documented, which allows generation
of realistic models. A multiscale modeling workflow is applied to incorporate these features into reservoir models.
Model input parameters were modulated to provide a range of property distributions, and the interplay between
the modeling parameters and reservoir performance was analyzed. The influence of deformation-band damage
zone on reservoir performance in the presence of different fault core transmissibility-multipliers was investigated.
Two configurations are considered: one in which the fault terminates inside themodel domain, representing a case
in which the fluid can flow around the fault, and one in which the fault dissects the entire model domain, rep-
resenting a case in which the fluid is forced to cross the fault. We observed that the impact of deformation-band
fault damage zone on reservoir performance changes when the fault core transmissibility multiplier is changed.
Reservoir performance is insensitive to changing damage zone heterogeneity in a configuration in which flow can
move around the fault. Where flow cannot bypass the fault, the influence of fault damage zone heterogeneity on
reservoir performance is significant even when the fault core transmissibility multiplier is low.

Introduction
Since the 1970s, fault damage zones dominated by

millimeter- to centimeter-thick deformation bands have
been identified in outcrops and core data worldwide
(Aydin, 1978; Antonellini and Aydin, 1994, 1995; Fossen
and Hesthammer, 1997; Shipton and Cowie, 2001, 2003;
Fossen and Bale, 2007; Fossen et al., 2007; Cilona et al.,
2012; Schueller et al., 2013). A significant number of
studies have been dedicated to understanding thick-
ness, length, displacement, orientation, and petrophys-
ical properties of deformation bands (for review, see
Fossen et al., 2007; Fossen and Bale, 2007). Other work-
ers have addressed the scaling relationship between
damage zone width and fault displacement (Knott et al.,
1996; Beach et al., 1999; Fossen and Hesthammer, 2000;
Shipton and Cowie, 2001; Schueller et al., 2013), and how
deformation band properties are controlled by tectonic
regime, host rock lithology, and burial depth (Ballas et al.,
2014, 2015; Soliva et al., 2016). Deformation bands are

characterized by features, such as pore-space collapse,
grain rearrangement, and grain-crushing, which affect
porosity and permeability, and can consequently, de-
pending on the dominant mechanism of deformation,
be expected to influence fluid flow in reservoirs by form-
ing barriers, baffles, or conduits (Aydin et al., 2006; Fos-
sen et al., 2007).

The impact of individual deformation bands on fluid
flow in sandstones has been extensively studied using
physical experiments on core plugs and samples. A re-
view of these studies by Fossen and Bale (2007) shows
that, deformation bands, either individually or as clusters,
may display a permeability reduction relative to their host
rock of up to five to six orders of magnitude. However,
the same study concludes that the impact on effective per-
meability is limited, and controlled by the cumulative
thickness of deformation bands and their 3D connectivity.

Understanding the influence of deformation-band fault
zones on a reservoir scale requires proper implementa-
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tion of these features in reservoir models. In general, fault
zones are conceived as consisting of a fault core accom-
modating the bulk displacement and a surrounding
damage zone (Caine et al., 1996; Shipton et al., 2005).
Conventional reservoir models use transmissibility multi-
pliers to capture the effect of faults zones on cross-fault
fluid flow. These are based on the calculated fault zone
permeability, fault zone thickness, and permeability of
the footwall and hanging-wall grid cells. Fault zone thick-
ness is estimated from correlations against fault throw.
The calculation of fault zone permeability is based on
an empirical relationship between shale content and dis-
placement (Manzocchi et al., 1999). The “fault zone thick-
ness” in this context is defined as either the separation
between the outermost slip surfaces minus the thickness
of undeformed lenses, or the thickness of the slip-surface
itself in a lacuna (Manzocchi et al., 1999). Identifying the
“outmost slip surfaces” is an ambiguous exercise even in
well-exposed outcrops. In practice, fault zone thickness
is handled as an approximation of the fault core thick-
ness and envisaged as a homogeneous volume of rock
representing the deformed rocks present in the fault
zone. It is difficult to make a case for also including the
damage zone in fault zone thickness because damage
zones display clear spatial trends in deformation intensity
and commonly are anything but homogenized. Damage
zones are up to several orders of magnitude wider than
the fault core and extend tens of meters away from the
core (Shipton et al., 2002, 2005; Torabi and Berg, 2011).
For common reservoir models using 10–100 m XY reso-
lution, damage zone features, if implemented, can be ex-
pected to influence fluid flow patterns. Some researchers
captured the effect of damage zones by reducing the
transmissibility multipliers of the nearby fault connec-
tions (Manzocchi et al., 2008). However, the resulting res-
ervoir simulation models do not render explicit fault
damage zone heterogeneity and accurate fluid flow cal-
culations in the damage zones.

Several studies have attempted to capture the effect
of deformation-band damage zones on fluid flow using
reservoir models with explicit representation of damage

zones. Some of these studies focus on deriving bulk per-
meability values for implementation in low-resolution
simulation models (Odling et al., 2004; Sternlof et al.,
2004; Harris et al., 2007; Fachri et al., 2013b); hence,
the spatial scale of their models is generally limited. Sim-
ilar studies with larger model dimension (Rotevatn et al.,
2009; Fachri et al., 2013a) are based on field observation
in deriving deterministic upscaled damage zone per-
meability, leaving room for improvement by using sto-
chastic method where input (e.g., deformation band
orientation and volumetric proportion) can be modu-
lated. It has not been clear whether, or under which cir-
cumstances, the spatial variation of fault zone properties
influences regional flow patterns and reservoir behavior
or not. The objective of this paper is to (1) demonstrate
an improved workflow in damage zone modeling and
(2) investigate the contribution of fault damage zone on
reservoir performance and the sensitivity of reservoir
performance to fault damage zone heterogeneity, there-
by to infer implications regarding fault zone property
modeling issues in real-field geologic models.

For this study, we use a multiscale modeling work-
flow based around the use of fault facies (Tveranger
et al., 2005; Braathen et al., 2009) to model a conceptual
normal fault in porous sandstone with a damage zone
consisting of deformation bands (for the previous appli-
cations of fault facies, see Fredman et al., 2008; Fachri
et al., 2011, 2016; Qu and Tveranger, 2016). Our fault
facies are based on 3D stochastic deformation band net-
works that are generated for each deformed fault facies
to capture realistic distributions of deformation band
sizes and orientations. Fault facies modeling parame-
ters are varied to generate different heterogeneity dis-
tributions, and the interplay between the modeling
parameters and the reservoir performance is analyzed.
The effect of upscaling fault damage zone properties is
analyzed by comparing fluid flow simulation results of
fine-gridded models and coarse-gridded models.

Methodology
The investigation of the impact of fault damage zone

properties on reservoir-scale fluid flow is
based on a conceptual damage zone
model of normal faults in porous sand-
stones, which has been characterized
by previous works using extensive out-
crop data (Schueller et al., 2013; Qu
and Tveranger, 2016). Figure 1 shows a
typical deformation-band fault damage
zone in porous sandstones and the defor-
mation band arrangement within fault
damage zones. The workflow for setting
up the models for flow simulations is
illustrated in Figure 2.

Model configuration
We use two synthetic reservoir models

built using the reservoir modeling soft-
ware RMS (see Figure 3 for model dimen-

Figure 1. Illustration of typical deformation-band fault damage zones in porous
sandstones. (a) Fault damage zone of Bartlett Fault, Utah. (b) Schematic illus-
tration of the typical conjugate arrangement of deformation bands in the damage
zone around a simple fault, modified from Fossen and Bale (2007).
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sions). Both include a single linear fault dipping 70° to the
east (x), with a maximum throw of 100 m. In configura-
tion A, the fault measures 1000 m long and dies out north-
ward and southward inside the model domain, allowing
fluids to bypass the fault (Figure 3a). In
configuration B, the fault intersects the
entire model domain (Figure 3b). Both
are mimicking fault configurations found
in subsurface reservoirs (i.e., isolated
faults [fault configuration A] and linked
faults or faults compartmentalizing res-
ervoirs [fault configuration B]). Both
reservoir models use a grid resolution
of 20 × 20 × 20 m and consist of homo-
geneous sandstone with a porosity of
0.25 and permeability of 1000 mD. The
sandstone reservoir is assumed to sand-
wiched between impermeable shale,
which is not explicitly included in the
model.

Fault damage zone model: Gridding
In the conventional reservoir model-

ing workflow for faults, the alteration of
petrophysical properties by the presence
of deformation bands in the damage zone
is usually ignored, and the cells around
the fault surface are assigned permeabil-
ity values similar to those of the sur-
rounding undeformed host rock. In our
workflow, the damage zone properties
are treated explicitly based on fault fa-
cies approach (Tveranger et al., 2005;
Fredman et al., 2008; Braathen et al.,
2009; Fachri et al., 2011, 2016; Qu and
Tveranger, 2016). Two columns of cells
on each side of the fault are refined to 1 ×
4 × 4 m to accommodate small-scale
heterogeneities in fault damage zones.
The choice of the area encompassing
the fault to be refined is based on the
width of the fault damage zone, which
is related to the fault throw. A fault dam-
age zone width that is realistic for the
fault in our example is defined according
to a scaling relationship for deformation-
band damage zones in siliciclastic rocks
reported by Schueller et al. (2013); the es-
timated half-width of the fault damage
zone (i.e., the distance from the fault core
to the outer boundary of damage zone)
corresponding to maximum fault throw
of 100 m is approximately 31 m. The
choice of grid resolution for the fault
damage zone model is based on the scale
of properties to be modeled.

Because the property modeling func-
tions in RMS cannot be performed on
grids with local grid refinements (LGRs),

the refined region is exported to allow separate handling
and property modeling (Figure 2b). Because the geom-
etry of the fault in our example is quite simple, straight-
forward implementation of LGR can be done in RMS. For

Figure 2. Illustration of workflow performed in this paper. (a) Synthetic reser-
voir model containing an east-dipping fault. The maximum fault throw is 100 m.
(b) Fault-zone grid. (c) Fault facies model and deformation band network models
for each fault facies. (d) Fault damage zone permeability model. (e) Merged
model. (f) Upscaled fault damage zone permeability model. (g) Merged model
with upscaled fault damage zone permeability.
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more complex cases with curved faults, modelers are
recommended to use a “create-fault-grid” function imple-
mented in the fault-modeling tool HAVANA (Norwegian
Computing Center), which automates the steps men-
tioned above (Qu et al., 2015).

Fault damage zone model: Fault facies
The spatial distribution of deformation band density

(number of bands crossed along scanlines per meter)
in the fault damage zone is modeled in the fault damage
zone grid (Figure 2c), based on the use of fault facies
(Tveranger et al., 2005; Braathen et al., 2009) and estab-
lished relationships linking fault facies distributions
to fault displacement and distance to the fault core (Qu

and Tveranger, 2016). Four fault facies are defined by
different categories of deformation band density: high
(>20∕m), medium (6–20∕m), low (1–5∕m), and unde-
formed rock (0∕m); labeled facies H, M, L, and U, respec-
tively, based on deformation band density data collected
from 106 scanlines across fault damage zones (Schueller
et al., 2013). The population of fault facies in the fault
damage zone is performed by the truncated Gaussian
simulation (TGS) modeling method implemented in
RMS, which has been verified to be able to reproduce
the distribution patterns of fault facies in deformation-
band fault damage zones (Fachri et al., 2013b).

Two important parameters for modeling the fault fa-
cies using TGS are the variogram range and facies pro-

portion trend (Fachri et al., 2013b; Qu
and Tveranger, 2016), which can be es-
timated based on empirical data from
outcrops. However, because good 3D
fault outcrops are rare, it is difficult to
obtain good empirical field-data sets that
allow quantification of variogram ranges,
especially in fault-parallel direction; thus,
it is a main objective of this paper to in-
vestigate the sensitivity of reservoir-scale
fluid flow to these modeling parameters.
Five fault faciesmodels for the sensitivity
study are generated by modulating the
modeling parameters (Figure 4). Fault fa-
cies models 1−4 are modeled with the

Figure 3. Twomodel configurations used in this paper. (a) Configuration A: The
fault dies out inside the mode domain. (b) Configuration B: The fault intersects
the entire model domain.

Figure 4. Five scenarios of fault facies models by modulating modeling parameters. Fault facies are characterized by deformation
band density. H, deformation band density >20∕m; M, deformation band density 6–20∕m; and L, deformation band density 1–5∕m.
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same facies probability trends but different variogram
ranges. Fault facies model 5 is a model for comparison
purpose, which uses the same variogram range and the
same volumetric fractions of fault facies as scenario 3,
but shows random facies distributions without the con-
straint of facies probability trends.

Fault damage zone model: Petrophysical
properties

The fault facies model described above explicitly
renders the heterogeneity caused by the variation of de-
formation band density in fault damage zones at the
chosen level of grid resolution. However, before con-
ducting flow simulation on models with different facies
distributions, we need to estimate effective permeabil-
ity for each deformed fault facies. Previous studies
calculate effective permeability of fault facies with differ-
ent deformation band densities by using analytical meth-
ods (arithmetic or harmonic averages), assuming that
the bands are parallel to each other (Rotevatn et al.,
2009; Qu and Tveranger, 2016). These estimates do not
apply to the conjugate patterns of deformation bands
(Figure 1b; Shipton and Cowie, 2001, 2003; Fossen et al.,
2007; Brandes and Tanner, 2012; Imber et al., 2012). In
this paper, we present an alternative method for estimat-
ing the effective permeability of deformed fault facies:
flow-based upscaling of 3D models in which the conju-
gate arrangement of deformation bands can be honored.
This is presented in detail in the “Deformation band
models” section.

Merging fault damage zone model into original
reservoir model

After the refined grid is populated with petrophysical
values of deformed rocks, it is merged with the original
global model (Figure 2e). The merging step is performed
using HAVANA. Flow simulations are performed on the
merged models with detailed fault damage zone per-
meability structures to study the influence of fault dam-
age zone properties.

There is an option to upscale the high-resolution
fault damage zone properties models (Figure 2d) to a
coarser fault-zone grid (Figure 2f) before merging into

the original reservoir model. This reduces the number
of cells in the simulation model, but also decreases the
level of geologic detail. The effect of upscaling is also
investigated in this paper.

Deformation band models
Except for facies U, which is composed of unde-

formed host rock, the other three facies (H, M, and L)
include networks of deformation bands in a host-rock
matrix. To obtain the effective permeabilities for these,
we generate a series of high-resolution models that
explicitly render the deformation-band networks and
rock matrix. The models are conceptual, with the mod-
eling parameters based on published outcrop studies of
deformation bands in fault damage zones (Fossen and
Hesthammer, 1997; Shipton and Cowie, 2001, 2003; Fos-

Figure 5. Flowchart for modeling deformation band network
and obtaining the upscaled permeability of fault facies.

Table 1. Input parameters for modeling deformation band network.

Input parameters Values

Strike Normal distribution with the mean direction parallel to the fault and standard deviation of 10°

Dip Set 1: synthetic to the main fault, mean dip angle = 70°, standard deviation = 5°

Set 2: antithetic to the main fault, mean dip angle = 70°, standard deviation = 5°

Length (L) Dmax ¼ 0.0016L0.5 (Fossen and Hesthammer, 1997) Displacement range (D): 0.003–0.1 m

Length-to-height aspect ratio 2

Number of simulated bands 110, 75, and 40 for facies with high, medium, and low deformation band densities

Dimension of simulation
volume

3 × 10 × 7 m
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sen et al., 2007; Brandes and Tanner, 2012; Imber et al.,
2012). The process involves five steps and is illustrated in
Figure 5.

Step 1 is stochastic modeling of deformation band
networks, performed by a tool for stochastic modeling
of subseismic-scale faults (HAVANA; Hollund et al.,
2002). The input modeling parameters are listed in
Table 1, which includes orientation and size distribu-
tions of deformation bands, length-height ratios of
deformation bands, simulation volume, and the number

of bands to be simulated. The strike and dip set up for
deformation bands are based on outcrop observations.
In plan view, deformation bands are not strictly parallel
to each other, which defines thin, lozenge-shaped
blocks of relatively undeformed sediment between de-
formation bands (Figure 1a; Shipton and Cowie, 2001,
2003). In cross sections, deformation bands within the
damage zones dip synthetically and antithetically to the
main fault, forming a conjugate geometry (Figure 1b;
Shipton and Cowie, 2001, 2003; Fossen and Bale, 2007;
Fossen et al., 2007; Brandes and Tanner, 2012; Imber
et al., 2012). The output is the surface point data, in
which each surface represents a band. Multiple realiza-
tions of deformation band networks are generated for
each type of fault facies (H, M, and L). The generated
surface point data are treated as input fault surface data
for building structural models in RMS (step 2).

The structural models are then used for gridding
(step 3). A volume of 1 × 3 × 3 m within the structural
model is gridded into one million cells with a resolution
of 1 × 3 × 3 cm, with the deformation bands (or “faults”)
stair stepped (Figure 6). The choice of the volume size to
be gridded is a compromise between the two: a higher
grid resolution to honor more realistic band geometries
and less total number of cells that the upscaling program
can handle within a reasonable time.

Deformation bands are defined by cells adjacent to
stair-stepped faults, and permeability values are assigned
to the deformation bands and matrix (step 4, Figure 6).
Note that there are always two columns of cells adjacent
to each fault, and only one column of faulted cells is de-
fined for each deformation band. This is done by using
internal programming language of RMS. Thus, the defor-
mation band in the model is one cell thick (1 cm).

Step 5 is to obtain the upscaled permeability of the
1 × 3 × 3 m volume. Single-phase flow-based upscaling
was carried out in RMS. A sealed boundary condition,
which has been used for damage zone permeability up-
scaling by previous authors (Odling et al., 2004; Harris
et al., 2007), was applied here. The input is the fine-scale
grid model from step 4, in which deformation bands and
matrix are explicitly represented and assigned repre-
sentative permeability. For simplicity, the permeability
of the deformation bands (kdb) and matrix (kmatrix) was
assumed to be uniform and isotropic: 1000 mD for the
matrix and three to five orders magnitude lower (1, 0.1,
and 0.01 mD) for the deformation bands. For each
model, the outputs are upscaled permeability values in
the three directions (x, y, and z). Table 2 lists the mini-
mum, maximum, and average values of the upscaled
permeabilities of multiple realizations of fault facies.
Coefficient of variation (Cv) of the upscaled permeabil-
ity values of multiple realizations for each fault facies
is also calculated to look at the representativeness of
the upscaled permeability values (Corbett and Jensen,
1992; Nordahl et al., 2005). It shows the variation of the
upscaled permeability values of multiple realizations of
facies H and L is quite small (Cv < 0.5), whereas KY val-
ues (upscaled permeability in fault-parallel direction) of

Figure 6. Deformation band network models for (a) facies H,
(b) facies M, and (c) facies L. The left panel shows deforma-
tion band network models, where deformation bands are rep-
resented as fault surfaces in structural models. The structural
model covers a range of 3 × 7 × 10 m. A volume of 1 × 3 × 3 m
from the center of the structural model is gridded into one
million cells. The middle panel shows models in which
deformation bands (green) and matrix (red) are explicitly rep-
resented. The right panel shows cells intersected by deforma-
tion bands.
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multiple realization of facies M have a larger variation
(Cv > 0.5), especially when the permeability contrast
between deformation band and undeformed rock is
high. Thus, the upscaled permeability of facies M should
be used with caution for permeability population in grid
models with cells of much larger scale. In this paper,
these permeability values of the 1 × 3 × 3 m volume are
populated in grid cells of similar size.

Fluid flow simulation models
Fluid flow simulations were carried out to study the

effect of fault damage zone and the effect of changing
specific input parameters used in the fault damage zone
model (variogram range and facies probability trends)
on reservoir performance. Models run for flow simula-
tions are listed in Table 3. The flow impact of the fault
damage zone when combined with different fault core
properties was investigated by modulating the fault
core transmissibility multiplier (FTM) values. The effect
of upscaling fault damage zone properties is analyzed
by comparing fluid flow simulation results of models
prior to and after upscaling.

Grid resolution of the simulation models prior to up-
scaling is 1 × 4 × 4 m in the fault damage zone region,
20 × 20 × 20 m in the rest of the model (Figure 2d and
2e). Grid resolution of the simulation models after up-
scaling is 20 × 20 × 20 m in the entire model (Figure 2f
and 2g). The grid type is a corner point grid. The total
numbers of cells in the simulation models are listed in
Table 3.

Based on the method for calculating effective per-
meability presented in the previous section, each fault
facies in the fault damage zone model was assigned the
mean value of their respective permeability distribution
(Table 2). Previous calculations show that although the
porosity of deformation bands may be more than one
order of magnitude lower than the surrounding host

rock, this does not significantly alter the bulk porosity
of the rock containing deformation bands. There is very
little difference between the bulk porosity of rocks with
different deformation band density values (Antonellini
and Aydin, 1994; Qu and Tveranger, 2016). In this work,
a porosity of 0.25 was assigned to the undeformed rock,
and 0.23 to the deformed fault facies.

One vertical water injector was placed in the hanging
wall (360 m from the fault), and one vertical producer
was placed in the footwall (360 m from the fault). Fluid
flow simulations were conducted using Eclipse. There
was no flow across model boundaries. All layers were
perforated. Wells were controlled by predefined rate tar-
gets with pressure limits. All simulations were run until
the water cut in the production well exceeded 90%, but
with a maximum limit of 20 years. Details of rock, fluid,
and production parameters are listed in Table 4, in which
the material constants are derived from published liter-
ature (Fachri et al., 2011). Initial saturation and pressure
distribution are defined by the simulator using a user-de-
fined depth for the oil-water contact (which is in our case
set to below the bottom of the reservoir), fluid pressure
at a reference depth, and fluid pressure gradient. Uni-
form relative permeability curves were assigned to all
the cells in the model (Qu and Tveranger, 2016).

Results and discussion
The effect of fault damage zones in combination
with different fault core transmissibility
multipliers
Configuration A: Fault dies out inside model domain

In configuration A, in which fluid is allowed to flow
around the fault tips, the presence of a deformation-
band fault damage zone generally has a positive effect
on production because it forces fluids to flow around
the fault tips, which improves sweep and delays the
time to water breakthrough (Figures 7a–7c and 8).

Table 2. Upscaled permeabilities of deformation band network models for different fault facies (kdb = permeability
of deformation band, kmatrix = permeability of undeformed rock, K = upscaled permeability, and Cv = coefficient of
variation).

kdb (mD) kmatrix (mD) Fault facies

kx (mD) ky (mD) kz (mD)

Min.-Max. Mean Cv Min.-Max. Mean Cv Min.-Max. Mean Cv

1 1000 H 3.5–7.3 5.4 0.18 77–212 122 0.28 12.5–39 24 0.25

M 5.5–11.4 8.3 0.17 135–414 232 0.3 23–66 43 0.24

L 12.5–37.1 22 0.32 333–632 482 0.19 57–179 110 0.31

H 0.36–0.77 0.56 0.19 13–51 24.7 0.42 1.8–4.9 3.4 0.24

0.1 1000 M 0.56–1.26 0.89 0.19 28–187 71.6 0.62 3.5–11.5 7.15 0.3

L 1.4–5.4 2.77 0.4 130–492 287 0.38 12–37 21.9 0.32

H 0.03–0.08 0.05 0.2 3–20 9.4 0.56 0.3–1.4 0.7 0.49

0.001 1000 M 0.06–0.13 0.1 0.2 10–151 39 0.96 0.6–6.1 2.3 0.61

L 0.15–0.6 0.3 0.42 68–457 239 0.48 3.4–19.5 8.7 0.53
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The effect of the fault damage zone on fluid flow is
decreased when a baffling fault core (i.e., a lower FTM
value) is present. Figure 7b and 7c shows that the differ-
ence in oil recovery and time to water breakthrough
between the damage zone present models and damage
zone absent models is decreasing with the decrease of
FTM value from one to zero. The damage zone-present
models and the damage zone-absent models even show
the same reservoir responses when an FTM of zero is
applied (i.e., when the fault core is completely sealing;
Figure 7b and 7c). Solely based on this, one might easily
conclude that the presence of a fault damage zone can
be ignored in a noncompartmentalized reservoir, if the
fault core permeability is sufficiently low. However, our
results suggest that the presence of a fault damage zone
appears to affect flow patterns in these instances be-
cause unswept oil can be observed in the footwall dam-
age zone (Figure 9). This effect cannot be modeled by
the implicit modeling method, which uses a reduced
fault transmissibility multiplier value to capture the
flow effect of a baffling fault damage zone; as Figure 9f
shows, the effect of unswept oil in the down-flow side of
the fault is not captured by the FTM-only model even
though an extremely low value of zero is used. If the

Table 3. Overview of flow simulation runs (FDZ = fault damage zone and FTM = fault transmissibility multiplier).

Configuration Models FTM
Presence
of FDZ

Fault-facies modeling parameters Number of global cells

Number of locally
refined cells

Facies probability
trends

Variogram
range

A A1 1, 0.01, 0 Yes Yes 2 × 20 × 20 m 40,000 1.2 million

A2 1, 0.01, 0 Yes Yes 2 × 200 × 200 m 40,000 1.2 million

A3 1, 0.01, 0 Yes Yes 10 × 20 × 20 m 40,000 1.2 million

A4 1, 0.01, 0 Yes Yes 10 × 200 × 200 m 40,000 1.2 million

A_Random 1, 0.01, 0 Yes No 10 × 20 × 20 m 40,000 1.2 million

A_No FDZ 1, 0.01, 0 No Not relevant Not relevant 40,000 0

A1_U 1, 0.01 Yes Yes 2 × 20 × 20 m 40,000 0

A2_U 1, 0.01 Yes Yes 2 × 200 × 200 m 40,000 0

A3_U 1, 0.01 Yes Yes 10 × 20 × 20 m 40,000 0

A4_U 1, 0.01 Yes Yes 10 × 200 × 200 m 40,000 0

B1 1, 0.01 Yes Yes 2 × 20 × 20 m 14,000 560,000

B2 1, 0.01 Yes Yes 2 × 200 × 200 m 14,000 560,000

B3 1, 0.01 Yes Yes 10 × 20 × 20 m 14,000 560,000

B4 1, 0.01 Yes Yes 10 × 200 × 200 m 14,000 560,000

B B_Random 1, 0.01 Yes No 10 × 20 × 20 m 14,000 560,000

B_No FDZ 1, 0.01 No Not relevant Not relevant 14,000 0

B1_U 1, 0.01 Yes Yes 2 × 20 × 20 m 14,000 0

B2_U 1, 0.01 Yes Yes 2 × 200 × 200 m 14,000 0

B3_U 1, 0.01 Yes Yes 10 × 20 × 20 m 14,000 0

B4_U 1, 0.01 Yes Yes 10 × 200 × 200 m 14,000 0

Table 4. Dynamic properties used for fluid flow simula-
tions.

Properties Values

Rock compressibility (/bar) 0.000056

Oil density (kg∕m3) 883

Water density (kg∕m3) 1038

Water viscosity (cp) 0.42

Water-formation factor 1.024

Oil viscosity (cp) 1.04–1.32

Oil-formation factor 1.22–1.26

Datum depth (m) 2000

Pressure at datum depth (bars) 320

Oil-water contact (m) 2350

Pressure at oil-water contact (bars) 0

Target well-injection rate (SM3∕day) 33,000

Target production rate (SM3∕day) 30,000

Maximum injector bottom-hole pressure (bar) 390

Minimum producer bottom-hole pressure (bar) 227

Maximum water cut 0.9
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Figure 7. Comparison of reservoir responses after a certain simulation time versus models with and without damage zones. The
displayed damage zones present models in each plot are modeled with the same facies probability trends and different variogram
ranges. (a) Oil recovery after 1000 days of configuration A modes with and without damage zones. FTM ¼ 1. (b and c) Oil recovery
after 1000 days and time to water breakthrough of configuration A models with and without damage zones in combination with
different FTM values. (d) Oil recovery after 600 days of configuration B models with and without damage zones. FTM ¼ 1. (e and f)
Oil recover after 600 days and time to water breakthrough of configuration B models with and without damage zones in combi-
nation with different FTM values. (f) Note that water breakthrough did not happen in configuration B models in the presence of the
damage zone and FTM of 0.01 during the maximum simulation time of 20 years.

Figure 8. Oil saturation of configuration A
models after two years of production simula-
tion. FTM ¼ 1. (a-d) Damage zone-present
models with the constraint of the same facies
probability trends and different variogram
ranges. (e) Damage zone-present model with-
out the constraint of facies probability trends.
kmatrix∕kdb ratio is 104. (f) Model with only
fault transmissibility multiplier applied and
the damage zone is omitted. Layer 5 and cross-
ing-well section are displayed in each panel.
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fault damage zone volume is large, the oil volumes re-
tained in the damage zone could be substantial and re-
quire an adaption of production strategies to ensure
their recovery. This would necessitate the use of a
model with an explicitly rendered damage zone.

The results also show that reservoir performance is
not sensitive to the variation of an FTM in damage zone-
present models (Figure 7).

Configuration B: Fault intersects entire model domain
In configuration B, replicating a compartmentalized

reservoir in which flow is forced to move through the
fault, the inclusion of a fault damage zone generally has
a negative effect on production. Damage zone-present
models show lower oil recovery and delayed water
breakthrough compared with the damage zone-absent
models (Figure 7d–7f). Cross-fault flow is inhibited,
and less area is swept due to the introduction of a dam-
age zone (Figures 10 and 11).

The influence of a fault damage zone on reservoir
performance is significant even in the presence of a

low-transmissibility fault core (FTM ¼ 0.01, Figure 7d
and 7e). When an FTM of 0.01 is combined, oil recovery
after 600 days was up to 0.5 in the damage zone-absent
model, whereas it was less than 0.003 in the damage
zone-present models (Figure 7d). Water breakthrough
happened after 500 days of production simulation in
the damage zone-absent model, whereas it did not hap-
pen during the maximum simulation time of 20 years in
the damage zone-present models (Figure 7f). No flow
simulation using an FTM of zero was performed for con-
figuration B, because this setting would effectively iso-
late the footwall and hanging wall from each other.

In total, not including fault damage zone properties in
configuration B reservoir models, even in the presence
of a low-transmissibility fault core (FTM ¼ 0.01), can
lead to erroneous flow simulation results.

The effect of fault facies modeling parameters
In configuration A, reservoir performance is not sen-

sitive to the fault facies modeling parameters. Models
with different variogram ranges and facies probability

Figure 9. Oil saturation of configuration A models at the end of production simulation. FTM ¼ 0. (a-d) Damage zone-present
models with the constraint of the same facies probability trends and different variogram ranges. (e) Damage zone-present model
without the constraint of facies probability trends. kmatrix∕kdb ratio is 104. (f) Model with only fault transmissibility multiplier
applied and the damage zone is omitted. Footwall block and crossing-well section are displayed in each panel.
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trends show similar reservoir responses (Figures 7a–7c,
12a, and 12b) and flow patterns (Figures 8 and 9).

In configuration B, reservoir performance is affected
by varying fault facies modeling parameters. The plots
of reservoir response parameters (water cut and oil
recovery after 4000 days) versus models with different
variogram ranges show that the reservoir response is
more sensitive to the variogram range in the fault-
perpendicular direction than in the fault-strike and fault-
dip directions (Figure 12e and 12f). Models with a larger
variogram range in the fault-perpendicular direction
(10 m in the test models) show much higher oil recovery
and higher water cut than the models with a smaller var-
iogram range (2 m) in the fault-perpendicular direction
(Figure 12e and 12f). Regional flow patterns are also af-
fected by the variogram range (Figure 10a–10d). An
irregular water front in homogeneous host rock is ob-
served (Figure 10d). Once the fluid finds a way to cross
the fault zone, it quickly spreads out into the host rock,
leaving some part of the fault zone unswept (Figure 10c).
The sensitivity of the reservoir response to the variogram

range is decreased in the presence of a low FTM
(FTM ¼ 0.01); all four models with different variogram
ranges show very low oil recovery (Figure 12f), and
water is hardly produced (Figure 12e).

The reservoir responses of configuration B models
are quite sensitive to facies probability trends, even
in the presence of a low FTM. Figure 12c and 12d shows
the plots of oil recovery and water cut versus models
with and without the constraint of facies probability
trends (i.e., fault facies models 3 and 5 in Figure 4).
The model without the constraint of facies probability
trends shows much higher oil recovery and much
higher water cut than the model with the constraint of
facies probability trends (Figure 12c and 12d). In the
presence of a low FTM, the reservoir model with ran-
dom fault facies distributions has been largely swept
at the end of the simulation (Figure 11e), compared with
the little swept regions in the models constrained by fa-
cies probability trends (Figure 11a–11d). Note that the
two models for comparison are modeled with the same
variogram range, and the volumetric fractions of fault

Figure 10. Screenshots of oil saturation of configuration B models after 10 years of production simulation. FTM ¼ 1. kmatrix∕kdb
ratio is 104. The middle layer (layer 5) and the crossing-well section are displayed in each panel. (a-d) Damage zone-present models
with the constraint of the same facies probability trends and different variogram ranges. (e) Damage zone-present model without
the constraint of facies probability trends. (f) Model without damage zone. Displayed time for the model without damage zone is
15 months, when production is completed.
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facies in these two produced models are the same. The
only reason for the difference in reservoir performance
is the distribution of fault facies. This highlights the sig-
nificance of fault damage zone heterogeneity to reservoir
performance and the importance of characterizing and
modeling fault facies distributions.

These sensitivity tests show that the fine-scale per-
meability structure of fault damage zones has a different
degree of significance to configuration A models and
configuration B models. This finding gives a hint to
whether or not upscaling the fault damage zone would
affect reservoir performance by losing permeability
structures, which is addressed in the “Influence of up-
scaling” section below.

Influence of upscaling
Results show that the reservoir performance of con-

figuration A models does not seem to be affected by the
upscaling (Figure 13a and 13b). The models prior to and
after upscaling display the same oil recovery (Fig-
ure 13a) and a similar water cut (Figure 13b). This is

consistent with the finding above, which shows that
the reservoir performance of configuration A models
is not sensitive to fault facies distributions and there
is no loss to average up the permeability structures in-
side the damage zone.

In configuration B, contrasting reservoir responses
between the fine-scale models and the upscaled models
are observed (Figure 13c and 13d). The oil recovery and
water cut are reduced after upscaling due to the
smoothing up of some permeability structures critical
to fluid flow. This is also consistent with the finding
above that the reservoir performance of configuration
B models are quite sensitive to fault facies distribtuions.
In this case, using a high-resolution fault zone grid in sim-
ulation models seems a necessity, but it comes with a
significant CPU cost. In the conducted test, the models
were scaled up 20 times in the fault-perpendicular direc-
tion, and sealed boundary conditions were applied. It
will be future work to check if a limited upscaling and
a different boundary condition could yield a reliable flow
simulation result.

Figure 11. Oil saturation of configuration B models in the end of production simulation. FTM ¼ 0.01. (a-d) Damage zone-present
models with the constraint of the same facies probability trends and different variogram ranges. (e) Damage zone-present model
without the constraint of facies probability trends. (f) Model with fault damage zone omitted. Fault transmissibility multiplier of
0.01 is applied to all the models. Layer 5 and crossing-well section are displayed in each panel. kmatrix∕kdb ratio is 104.
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Implications on handling of fault damage zones
in reservoir models

The overall impact including a fault damage zone has
on reservoir performance can be attributed to the fact
that the fault damage zone is a 3D volume, which can
accommodate and retain oil and injected water, and
therefore it influences waterfront movement in the re-
gion outside the fault damage zone. This study high-
lights the potential importance of including explicitly
rendered the damage zones in reservoir models.

This paper finds that the noncompartmentalized res-
ervoirs in which flow can move around the fault tips
have a lower requirement for precise fine-scale fault
damage zone property modeling and the upscaling pro-
cedure does not affect the reservoir performance. In
this case, the handling of fault damage zones in simula-
tion models can be easier: Upscaled properties can be

populated in a coarser grid directly. For example, the
cell-permeability values in the upscaled damage zone
model shown in Figure 2f can be populated elsewhere
of a similar case. This skips the fine-scale damage zone
property modeling, but a thorough database of effective
petrophysical properties of different geologic scenarios
is a prerequisite. Effort going in this direction can be
found in Fachri et al. (2013b).

The compartmentalized reservoirs require much
more precise fine-scale fault damage zone property
modeling. A prerequisite to reach this goal is a system-
atic data set from outcrops, which can provide input for
fault facies modeling. Apart from that, seismic charac-
terization can be a supplement to condition the model-
ing, and forward seismic studies have shown promising
results toward this direction (see Botter et al., 2017;
Kolyukhin et al., 2017).

Figure 12. Comparison of reservoir responses of models with different fault facies modeling parameters. (a and b) Oil recovery
and water cut of configuration A models with and without the constraint of facies probability trends. (c and d) Oil recovery and
water cut of configuration B model with and without the constraint of facies probability trends. (e and f) Oil recovery and water cut
of configuration B models with different variogram ranges.
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Conclusion
We have investigated the impact of incorporating a

field-scale 3D fault damage zone on simulated fluid flow
using two scenarios: one in which fluid is allowed to
flow around the fault zone (configuration A) and one
in which fluid is forced to move through it (configura-
tion B). The fault facies model of the fault damage zone
is based on empirical data collected from outcrops.
Flow-simulation testing was carried out using models,
in which the facies variogram ranges, facies probability
trends, grid resolution, and FTM were varied. Simula-
tion results from all models were compared to establish
the impact of the different fault damage zone model in-
put parameters on simulated reservoir behavior.

In configuration A, in which fluid is allowed to flow
around the fault tips, the deformation-band fault dam-
age zone generally shows a positive effect to produc-
tion; this effect decreases when the FTM decreases.
The fault damage zone will contain undrained oil when
the fault core is modeled as completely sealing. This im-
plies the necessity of representing the fault damage
zone explicitly in reservoir models, especially if the
fault damage zone volume is suspected to be large. Res-
ervoir performance in configuration A is not sensitive to
fault damage zone heterogeneity. The upscaled models,
in which the fault damage zone is represented by one to
two columns of cells, produce the same reservoir re-
sponse as the initial high-resolution models.

In configuration B, in which fluid is forced to cross
the fault, the presence of a fault damage zone has a neg-

ative effect to production, and this effect is still signifi-
cant in the presence of a low-transmissibility fault core.
Reservoir performance is generally influenced by vary-
ing the fault damage zone heterogeneity, and using
upscaled fault damage zone properties at the scale used
here (20 × 20 × 20 m) did not reproduce reservoir
behavior of the initial fine-scale model. However, a less
radical upscaling may achieve a better balance between
producing reliable forecasts of reservoir behavior and
the required number of cells in simulation models.

This study highlights the importance of including
fault damage zones in subsurface reservoir models. This
calls not only for improved tools and workflows, but
most importantly, it also calls for new empirical data
set that will allow improved 3D characterization of fault
zones for reservoir modeling purposes.
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